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Introduction
In adults, the size of the peripheral lymphocyte population is under homeostatic control, and the total number of T cells remains constant. 1 In mice expressing a transgenic T-cell receptor (TCR), it has been elegantly shown that memory cells are maintained for extended periods of time in peripheral pools (though the size of individual clones decays progressively), whereas new thymic emigrants expressing a diverse repertoire constantly replace autoreactive and anergic T cells. 2 It was proposed that in HIV-infected patients, CD4 ϩ (and ultimately CD8 ϩ ) T cell loss translates into massive T-cell repertoire deletions. 3 In a previous work, 4 we showed that CD4 T-cell repertoires are indeed perturbed in patients with advanced HIV disease. However, the CD4 repertoire perturbation was not, as previously concluded, 3 the result of massive clonal deletions but could also be solely explained by the existence of multiple clonal expansions in that subset. 4, 5 Nevertheless, it could be feared that the effects of repetitive antigenic stimulations that bias the peripheral repertoire in HIV patients could never be compensated, even after the retrieval of the antigenic stimuli, because of irreversible damage to the thymic micro-environment. 6 However, after 3 to 6 months of efficient treatment, immunoscope profiles derived from peripheral blood CD4 T cells of HIV patients were found to be comparable to the corresponding control data obtained from uninfected controls. 4 Long-lasting recovery of CD4 T-cell function was also evidenced in the successfully treated patients from that group. 7 In comparison, a bias in the usage of the CD8 repertoire appeared to persist in 10 patients observed through 6 months of treatment. 4 In another study, 8 persistent alterations in CD8 T-cell repertoire were also reported after 11 months of highly active antiretroviral therapy (HAART) in 3 patients, though HIV replication had been suppressed below the detection level.
The latter results could appear to contradict the conclusions of other studies that relied on the use of peptide-major histocompatibility tetrameric complexes because a relatively rapid decrease in the frequency of tetramer-stained cells was noted in most patients receiving HAART. 9, 10 HLA-tetrameric complexes have allowed, for the first time, a direct ex vivo quantitative analysis of HIV-specific T-cell immunity, but their use is limited to the analysis of few predefined epitopes that are not necessarily immunodominant in the patients analyzed. The tetramer-positive populations observed during HAART represented less 0.4% 9 or less than 2% 10 of all CD8 ϩ T cells at baseline and probably corresponded to only a fraction of the HIV-specific cellular response. In a subsequent study it was indeed shown, using the same technique, that chronically expanded CD8 T cells are also HIV specific. 11 HIV-specific cytotoxic T lymphocytes are found in lymphoid organs, 12 genital mucosae, 13 and skin of HIV-1-infected patients. 14 Under HAART, the redistribution 15 and subsequent down-regulation of such amplified subsets could take a substantial period of time; this explains the lack of global repertoire stabilization previously reported during the initial phase of HAART. 4 Indeed, it was recently shown that it takes 7 months to stabilize CD8 repertoires when therapy is initiated during the primary phase of the infection. 16 Here, the follow-up of 8 chronically infected patients, taken from the group previously defined in Gorochov et al, 4 was extended to the second semester of treatment (and in 4 cases at least 28 months after the initiation of therapy) to analyze the long-term evolution of the CD8 repertoire. For all patients, Immunoscope analysis was performed at each time point. More detailed information on the perturbations reported was obtained by combining the Immunoscope CDR3 length analysis with cytofluorometric analysis of BV subset frequencies and DNA sequencing of selected BV subsets. The strategy used in the current work for the evaluation of CD8 repertoire perturbation allows a quantitative and sensitive survey of a large fraction of the expressed repertoire. We show that the strong CD8 TCR repertoire bias observed in the peripheral blood of HIV patients results from the accumulation in this compartment of relatively few CD8 T-cell clones, whereas the polyclonal repertoire appears, as a result, vastly underrepresented. That apparent reduction of diversity is not irreversible. Indeed, a lasting suppression of HIV replication is followed by a dramatic size reduction of the CD8 clonal expansions. One year after the onset of a highly active antiretroviral treatment, and in the absence of any other ongoing viral infection, the TCRBV repertoire of peripheral CD8 T cells has returned to a predominantly polyclonal configuration. In 2 such patients, a lack of adherence to HAART resulted in a resumption of active viral replication and in the recall of several baseline CD8 clones, but also in the expansion of others not dominant at the onset of therapy.
Patients, materials, and methods

Patients
The study was performed after obtaining informed consent from 8 HIV-1-infected male patients. Immunologic status virologic parameters of these patients at the time of repertoire analysis are listed in Table 1. Patients  T17, T18, T19 , and T20 did not receive any previous antiviral therapy. Patient T13 was under a bi-therapeutic regimen (AZT ϩ 3TC) before the onset of the current study. Patients T8, T13, and T16 were classified in group C according to the Centers for Disease Control and Prevention criteria, 17 whereas patients T11, T17, T18, T19, and T20 were classified in CDC group B. All patients received triple-combination therapy, as indicated in Table 1 . Drugs and daily doses were: Ritonavir (Abbott), 1200 mg; Zidovudine (Glaxo Wellcome), 500 mg; Didanosine (Bristol Myers Squibb), 400 mg; Stavudine (Bristol Myers Squibb), 80 mg; lamivudine (Glaxo Wellcome), 300 mg; Indinavir (Merck Sharp and Dohme), 2400 mg; and Nevirapine (Boehringer Ingelheim), 400 mg. Blood samples were collected for repertoire analysis on the day before the introduction of Ritonavir or Indinavir. Consecutive samples were taken over a period of 24 months, except in HIV-seronegative controls C4 and C5, who are 30-and 35-year-old healthy men, respectively. Three more control subjects were included to establish the profiles corresponding to the theoretical, nonperturbed repertoires used for quantitative analysis (see below). The groups of patients and controls have all been previously described. 4 
Viral load measurement
Plasma samples were stored at Ϫ70°C. Plasma HIV-1 RNA levels were measured by quantitative reverse transcription-polymerase chain reaction (RT-PCR) (Amplicor HIV Monitor Test; Roche Molecular Systems, Branchburg, NJ). The detection threshold was 200 copies/mL.
Purification of CD8 T cells
Peripheral blood mononuclear cells (PBMCs) were prepared by centrifugation on Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). CD4 and CD8 cells were purified immediately after blood sampling. Cells were washed twice in phosphate-buffered saline (PBS)-0.5% bovine serum albumin (BSA), and CD4 ϩ lymphocytes were first separated using anti-CD4 monoclonal antibodies coated on magnetic beads according to the manufacturer's instructions (Dynabeads; Dynal, Oslo, Norway). The CD8 ϩ cells were purified after removal of the CD4 ϩ cells using anti-CD8 magnetic beads. Bead-coated CD8 lymphocytes were washed 3 times in PBS-0.5% BSA. Purity was assessed by FACS analysis and also by PCR analysis using CD4-and CD8-specific primers on both fractions (not shown). At least 10 6 CD8 ϩ cells (98% purity) were required for further analysis.
Flow cytometry
For double-or triple-fluorescence analysis of PBMCs, 5 ϫ 10 5 cells were incubated for 30 minutes at 4°C with 5g each monoclonal antibody (mAb) washed with PBS, then fixed with 2% paraformaldehyde in PBS and analyzed on a FACScan flow cytometer (Becton Dickinson, San Jose, CA).
Ten thousand events per sample were collected and analyzed using the CellQuest software (Becton Dickinson). All antibodies were obtained from Immunotech (Marseilles, France). All BV-specific mAbs listed in Table 2 were used as phycoerythrin conjugates, except for the anti-BV3 mAb, which was fluorescein isothiocyanate-labeled. The BV-specific monoclonal antibodies were a kind gift of Drs F. Romagne 
TCRBV analysis
Total RNA was extracted directly from 10 6 to 10 7 bead-coated cells and reverse-transcribed using the single-strand synthesis kit (Stratagene, La Jolla, CA). Amplification reactions were performed using a BC1/BC2-specific primer (CGGGCTGCTCCTTGAGGGGCTGCG) and a BVspecific primer, along with a C␣ primer set as an internal control of amplification. 24 Briefly, 2 L RT product (corresponding to 2 ϫ 10 4 to 2 ϫ 10 5 CD4 ϩ or CD8 ϩ T cells) were brought to a final reaction volume of 50 L containing 10 mM Tris-HCl, 1. Runoff products were then loaded on a 4% acrylamide-4 M urea sequencing gel and run on an ABI 377 DNA sequencer (Applied Biosystems). A mixture of dye-labeled size standards was also loaded on the sequencing gel to allow the precise determination of the sizes of the BC-BV runoff reaction products. The sizes and areas of the peaks corresponding to the DNA products were determined using the Immunoscope software. 25, 26 The percentage of representation of each peak size among all BC-BV segments was subsequently calculated. Observed peaks were usually separated by 3 bases and corresponded to in-frame transcripts of TCRs.
Windows of analysis were centered on expected sizes corresponding to TCR transcripts encoding a 10 residue-long CDR3 region, defined according to Kabat. 27 BV family-specific primers used were as follows: BV1, CCGCACAA-CAGTTCCCTGACTTGC; BV2, GGCCACATACGAGCAAGGCGTCGA; BV3, CGCTTCTTCCGGATTCTGGAGTCC; BV4, TTCCCATCAGC-CGCCCAAACCTAA; BV5, AGCTCTGAGCTGAATGTGAACGCC; BV7, CCTGAATGCCCCAACAGCTCTCTC; BV8, CCATGATGCGGG-GACTGGAGTTGC; BV15, CAGGCACAGGCTAAATTCTCCCTG; BV16, GCCTGCAGAACTGGAGGATTCTG.
BV1, BV2, BV3, BV4, BV5, BV7, and BV8 families were among the most frequently represented in the periphery, whereas BV15 and BV16 were infrequent. BV amplicons of interest were gel-purified and directly ligated into the PCR II vector (TA cloning kit; Invitrogen, San Diego, CA). After amplification into Escherichia coli, plasmids were purified and their inserts were sequenced using an automated sequencer with M13R and T7 dye-labeled primers and AmpliTaq DNA polymerase FS (Perkin Elmer, Foster City, CA). Analysis of controlled serial dilutions of T cells showed that the proportions in the CDR3 length profiles are well conserved down to 4 ϫ 10 5 cells used for RNA extraction 28 
Quantitative analysis of repertoire perturbation
The strategy adopted for quantitative analysis of repertoire perturbation was reported previously. 4 Briefly, each CDR3 profile obtained from the Immunoscope analysis was translated into a probability distribution, P(i) ϭ A i /(⌺ i A i ), using the fraction of the area (A i ) under the profile for each CDR3 length i, from minimal to maximal length in 3 nucleotide steps. The TCR-BV repertoire for each sample j is represented by the set of corresponding probability distributions for the various BV families analyzed in the CD8 subset. Thus, the probability distribution P j k (i) corresponds to the CD8 repertoires of BV k in sample j. Five control subjects (mean age, 35 years; range, 25-39 years) were randomly selected from among healthy, HIV-seronegative persons from the laboratory. A control profile, representing the theoretical nonperturbed repertoire, was established for each BV k by calculating the average probability distribution of the corresponding BV k CD4 profiles of the control samples,
The resultant control profiles, P C k (i), have a very good Gaussian distribution (P Ͻ .001, using the Kolmogorov-Smirnov test). We chose to use as control seronegative CD4 profiles for analysis of the CD8 repertoires because it was shown 29 that, even in healthy persons, CD8 CDR3 profiles are sometimes skewed. Nevertheless, we also tested our analysis with controls derived from seronegative CD8 profiles and obtained similar results.
The extent of perturbation in a TCR profile was calculated for each BV k by the distance between the probability distributions of sample j and the control, D j k (i) ϭ P j k (i) Ϫ P C k (i). The sum of the absolute value of the distances (generalized Hamming distance), D j k ϭ 100 ⌺ i D j k (i)/2, in each BV family over all TCR lengths i yields the perturbation of that TCR profile in percentages. Lack of perturbation is represented by no difference in the probability distributions of the sample and the control (D ϭ 0%), whereas a sample that has a repertoire completely nonoverlapping with the control should give an absolute distance value of D ϭ 100%. Two randomly drawn probability distributions would yield D ϭ 50%. The average perturbation, D j ϭ ⌺ k D j k /n, of all n BV families in a CD8 sample represents the repertoire perturbation in that sample. The perturbations in TCR profiles of seronegative CD8 samples range between 9% and 25%, with an average of D ϭ 15% Ϯ 5% per BV family.
The statistical significance (P) of differences among different subgroups of samples or patients was calculated using the nonparametric Wilcoxon rank sum test. Perturbations per BV family were used when assessing the difference in perturbation between samples (Figure 4) . To evaluate the extent of normalization or further perturbation in a patient, we calculated the changes in perturbation per BV family (⌬D) between an initial time point (t 0 ) and the subsequent time point available (t), ⌬D ϭ D(t) Ϫ D(t 0 ). A negative change denotes a decrease in perturbations and possible restoration of the repertoire if the perturbations return to the normal range of seronegative persons (Figure 4 ). Intrinsic levels of variability of D (6%) and (0.7%) ⌬D were previously assessed on control blood samples taken over a period of 3 days. 4, 28 In addition, to study the evolution of particular clonal expansions and not only the general properties of the total repertoire, overrepresented peak sizes among the CDR3 profiles were tracked longitudinally. It has been consistently shown that such peaks usually correspond to single clonal expansions. 4, 14, 24, 28 A threshold ( ϭ 10%) of 2 times the standard deviation above the normal distribution was defined, and Immunoscope peaks (i) in every BV family profile (k) in each sample (j) that were above that threshold (D j k (i) Ͼ ) were identified as corresponding to at least one clonal T-cell expansion. It was then verified whether a clonal expansion detected in a given sample already existed in previous samples or whether it recently appeared. Note that the definition of the threshold level () for expanded peaks is arbitrary. Therefore, all the data were analyzed using other threshold levels (5%-25%) as well. Varying threshold levels, the evolution reported in Figure 2 , followed the same pattern, though the number of peaks in each sample varied as a function of the threshold.
Results
Long-term persistence of CD8 ؉ clonal expansions in patients with active HIV replication Cytofluorometric analysis of BV subsets, even when combined with semiquantitative RT-PCR analysis, underscores the extent of CD8 repertoire perturbation found in patients with HIV. As shown in Table 2 , few BV subsets were clearly overrepresented in the total CD8 population. In contrast, with the use of Immunoscope, we found that repertoire perturbation was a consistent feature of the CD8 subset before active antiviral treatment because most of the CDR3 length-distribution profiles were notably disrupted. Such disruptions usually correspond to the presence of dominant clonal expansions within the corresponding BV subset. 4, 14, 24, 28 Several clonal expansions were stable over a follow-up period of 1 year to 3 years in patients with no highly active antiviral therapy. 4 To confirm that the repertoire perturbations we measured reflected expansions of cell subsets, we measured the relative size of various BV families using a large panel of antibodies covering at least 50% of the BV repertoire. Expansions were defined based on published data performed on healthy controls (see "Patients, materials, and methods"). When FACS and CDR3 length analysis could be performed simultaneously, the BV subsets with the most perturbed CDR3 profiles were usually found to be expanded-for example, BV7 for patient T19/M20, BV2 for patient T13/M6/M10, and BV5 for patient T20/M6 (Table 2) . A dedicated algorithm was For personal use only. on August 31, 2017. by guest www.bloodjournal.org From used to define and track longitudinally overrepresented peak sizes among the CDR3 length profiles of the patients. On average, in the 3 patients who remained constantly viremic, 64% of the peaks detected at baseline persisted during the 10 to 31 months of follow-up. Finally, DNA sequencing confirmed in selected patients (T13/BV2, T19/BV2/BV7/BV8, T20/BV2/BV5) the monoclonal origin of the dominant peaks detected using Immunoscope (data not shown and Tables 3, 4) .
By multiplying the fraction of cells in a certain BV family (as measured by FACS) by the fraction of cells of a certain CDR3 length in that BV family (as measured by Immunoscope), we obtained a maximal estimate of the frequency of a certain clone from among all the CD8 cells in the blood. The largest clonal expansion documented in our study (21% of all CD8 cells at M10) was found in patient T13. In that case, a BV2 clone (with a CDR3 loop 10 AA long) persisted for at least 10 months. In 3 other patients (T8, T11, T16), several clones appeared to persist for at least 30 months in the peripheral blood (Figures 1, 2) . For the corresponding Immunoscope analysis, see Figure 3 . Redundant sequences corresponding to identical DNA sequences and, thus, to clonal expansions, are in boldface.
aa indicates amino acid. Sequences were deduced after DNA sequencing of the polymerase chain reaction products previously used for Immunoscope analysis ( Figure 5 ). Redundant amino acid sequences, corresponding to identical DNA sequences and, thus, to clonal expansions, are in boldface.
aa indicates amino acid.
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Down-regulation of clonal expansion after successful and sustained antiviral treatment
If the drastic CD8 repertoire perturbations were directly related to the presence of persistent HIV antigens, one would expect that on removal of the latter, CD8 repertoires would, like CD4 repertoires, return to normal. We were, therefore surprised to observe 4 that CD8 repertoires remained biased after 6 months of antiviral treatment in most patients, even in those responding very well to therapy. The same patients were followed up for a longer time period. In 4 patients (T8, T17, T18, and T20), viral replication was efficiently suppressed during at least 3 months to levels below the detection threshold. In all 4 patients, the pretreatment CD8 ϩ repertoires was significantly more perturbed (average, D ϭ 30% Ϯ 5%) than in noninfected controls (average, D ϭ 15% Ϯ 5%; P Ͻ .001). However, after at least 12 months of efficient therapy, the calculated average CD8 repertoire perturbation was significantly lower (D ϭ 18% Ϯ 8%; P Ͻ .001) than before treatment and comparable to that in HIV Ϫ controls. The reduction of repertoire perturbation corresponded to a down-regulation of baseline clonal expansions because only 19% (6 of 31) of the baseline overrepresented peaks were still dominant after 12 to 30 months of evolution in these 4 successfully treated patients (Figure 2 ). For patient T20 the largest BV subset among CD8 PBMCs was BV5. Immunoscope analysis revealed that BV5 CD8 cells indeed appeared to be dominated by a single clone during the first 6 months of therapy, but the CDR3 length distribution profile obtained at 12 months after therapy was characteristic of a polyclonal subset ( Figure  3 ). This interpretation was confirmed by DNA sequencing of BV5-specific PCR products obtained just before the onset of treatment (M0 ϭ day 1 of first month of treatment) and after 3 or 12 months of treatment (M12 ϭ day 360). Table 3 shows that a single dominant CDR3 sequence (LGGRNSPLH) of CDR3 length 9 was indeed found at day 0 and day 180. In contrast, all CDR3 sequences from M12 were unrelated, and the above sequence was not found anymore. Therefore, during the last 6 months of follow-up, the frequency of the single CD8 T-cell clone, accounting previously for most of the BV5 subset, was dramatically reduced (from 85% of the BV5 subset on day 0 to less than 5.5% a year later).
In the remaining 4 nonresponding patients (T11, T13, T16, and T19), viral replication was never efficiently suppressed, and the CD8 repertoire remained significantly more perturbed (D ϭ 29% Ϯ 18%) than in controls (D ϭ 15% Ϯ 5%; P Ͻ .001), even during treatment (Figure 2) . A large fraction (59%; 19 of 32) of the overexpanded peaks found at baseline in the nonresponding patients persisted after 12 to 30 months, significantly higher than in the responding patients (19%; P Ͻ .001). In one of them, patient T19, a transient control of HIV replication after 6 months of therapy was associated with a corresponding transient reduction in repertoire perturbation (Figure 4) . Figure 1 . Repertoire analysis in a patient with a partial response to HAART. CD8 ϩ PBMCs were studied for a 30-month period (M0 to M30) for patient T16. Viral replication was never completely suppressed during that period of analysis. Gray areas represent significant CD8 clonal expansions (see "Patients, materials, and methods") found at M0 that remained present 30 months later. The CDR3 length of the major size peaks detected is indicated (arrow and number of amino acid residues). Graphs represent the intensity of fluorescence in arbitrary units, as a function of the CDR3 length, in amino acids of BV-BC single-strand DNA runoff products. Windows of analysis are centered on expected sizes corresponding to TCR transcripts encoding a 10-residue-long CDR3 region. For patients with successful therapy (responders), there was a significant decrease in the number of overrepresented CDR3 peak sizes. Clonal expansions that were stable over the indicated time of follow-up are black. New clones (those not found dominant in previous sample) are gray or white. Note the repertoire shift for patients T18 and T19. A dedicated algorithm was used to track overrepresented areas (compared to control profiles) among all Immunoscope profiles from the study. 
Evolution of CD8 repertoires on resumption of HIV replication
Two patients experienced early (T19) or late (T18) resumption of viral replication, probably attributable to withdrawal of the antiprotease in the first (Ritonavir was removed from the therapeutic regimen of T19 because of hepatic side effects) and to poor compliance in the second. Both patients experienced, during their first 6 months of treatment, substantial decreases in HIV viremia and repertoire stabilization. The expansion of clones that were not dominant, or even detectable, at baseline was mostly responsible for the rebound in repertoire perturbation observed. Four and 3 "new" clones are found at M28 in patient T18 and at M20 in patient T19, respectively. However, in patient T19, several baseline expanded clones were still present at M20 ( Figure 5 ).
DNA sequencing confirmed that the repertoire bias was shifted in favor of previously undetected clones that expanded gradually during the time of analysis (eg, BV2, BV7, and BV8 for patient T19; Figure 5 ). As expected from the Immunoscope profile of BV2 obtained on day 0, TCR transcripts with 30-bp long CDR3 regions (CDR3 loop size 10) were predominantly characterized (8 of 18). Among those, a dominant clone (RDLKGLNTEA) was found (4 of 18). The same BV2 clone was still found 12 months later, but, at a greatly reduced frequency (1 of 9), it was no longer detectable at M20 (Table 4) . Instead, a previously undetected TCR clone with an 8-residue-long CDR3 became progressively dominant (6 of 9, then 2 of 21). In the BV7 subset, M3, M6, M12, and M20 CDR3 sequences were completely unrelated to the pretreatment dominant clones (Table 4) . Interestingly, the repertoire shift occurred very early because the baseline BV7 clone did not dominate the subset after only 1 month of evolution. A different situation occurred in the BV8 subset, in which the same dominant clones were detected in the 20 months of follow up.
Discussion
We have attempted a global and nevertheless quantitative analysis of CD8 T-cell repertoires in patients with HIV. Immunoscope analysis has revealed, before antiviral treatment, dominant clones in virtually every BV subset analyzed, in all cases studied. A high proportion of individual clonal expansions was remarkably stable for extended periods of time. The disrupted CDR3 length profiles are obviously not the result of multiple clonal deletions but correspond to single clonal expansions among a particular BV subset, as confirmed by DNA sequencing. Indeed, if we assume that the TCR-␤ chains characterized are pairing with one single TCR-␣ chain, it is the presence of massive CD8 T-cell clonal expansions (up to 21% of all CD8 cells in one patient) that accounts for the CD8 repertoire perturbations observed in HIV patients.
As reported previously, clonal CD8 T cell expansions can frequently be found in healthy young adults, 4, 30 ; however, only a few clones reach detection levels, and they typically become stable with time. 30 In contrast, CD8 repertoires of HIV patients are predominantly oligoclonal and are susceptible to extensive reorganization under treatment. In the 4 patients in whom HIV RNA levels were maintained below 200 copies/mL for prolonged periods (T8/M30, T17/M12, T18/M12, T20/M12), CD8 repertoires were significantly stabilized. In one of them (patient T8), a significant level of perturbation was nevertheless maintained, though HIV viremia remained undetectable for at least 20 months. Because the repertoire bias documented in patients with HIV can presumably be modulated by many pathogens other than HIV, such an observation is not surprising. Of note, patient T8 had a recurrence of herpes zoster during the last year of follow-up (see Table 1 ). In patients T11, T13, and T16, HIV replication was less actively suppressed, indicating poor efficacy of the antivirals or poor patient compliance. No significant reduction in the global levels of CD8 repertoire perturbation developed after, respectively, 31, 10, and 30 months of treatment.
The antigenic specificity of the CD8 clonal expansions we detected before and during treatment is unknown. Nevertheless, the fact that their frequency is dramatically reduced only when HIV replication is efficiently suppressed, whereas insignificant changes in TCR repertoire perturbations occurred when HIV antigens remained expressed, strongly suggests that the latter repertoire perturbations are HIV-related. Indeed, in a longitudinal study of HIV patients receiving HAART, a strong inverse correlation between the in vivo frequency of HIV-specific clones and the levels of HIV viremia was evident. 9 Furthermore, tetrameric major histocompatibility complex-peptide complexes were recently used to show that during the asymptomatic stage of the infection, chronically expanded CD8 ϩ T cells found in the circulating blood are HIV-specific. 11 In a previous work, 14 we detected, with the use Figure 4 . Summary of longitudinal repertoire studies in 8 patients and 2 controls. Each black bar represents the average CD8 repertoire perturbation calculated from Immunoscope data on 9 BV families, at a given time point. CD4 absolute counts (gray diamonds) and HIV viremia (black squares) are shown on top of repertoire data. Patients T8, T17, T18, and T20 had successful therapy, as defined by an increase in CD4 absolute counts and a decrease of HIV viral load (remaining below detection level at M12). For patients with successful therapy, there was a decrease in average CD8 repertoire perturbation (black bars). Note for patient T19 the transient decrease in perturbation that parallels an initial efficient control of HIV replication. Data for seronegative controls C4 and C5 are also presented. Figure 2 shows the count of the latter).
of Immunoscope, oligoclonal subsets of CD8 T cells in the skin of HIV patients, and the corresponding T-cell lines were also shown to be HIV-specific.
In the 2 patients in whom the analysis was performed during resumption of HIV replication after a period of efficient viral control, an expected rebound in repertoire perturbation was observed. However, clones that were not found at baseline most clearly expanded during that period. That situation contrasts with the stability of the repertoire bias observed during chronic infection. In patient T18, we detected 4 significant clonal expansions at baseline and 1 year later, but they were all different. In the peripheral blood of patient T19, several clonal expansions were observed at baseline and at 20 months of follow-up, but only 2 clones remained dominant throughout that period (corresponding to peak sizes 9 and 6 in BV8 and BV15, respectively; Figure 5 ). DNA sequencing confirmed that a new clone progressively overshadowed a previously dominant one in BV2 and BV7 and that only the baseline BV2 clone could still be detected 1 year later (Table 4) . In patient T19, the BV7 clone found expanded after the relapse of viral replication is CD45RO Ϫ , CD45RA ϩ , CD62L Ϫ , CD57 ϩ , and it lacks the expression of the costimulation molecule CD28 (data not shown). These cells fulfill the criteria of cytotoxic T-lymphocyte effector-type cells. 31 Of note, the latter clone was already detectable after the first month of treatment, but, as shown in Table 2 , it greatly expanded during the last 6 months of follow-up. Additional studies, in particular a concomitant analysis of the viral quasi-species, is required to determine whether the repertoire shift is secondary to the emergence of new dominant HIV-1 variants (possibly originating from sites in which viral replication would be only partially suppressed under HAART). The resumption of viral replication in patients T18 and T19 was clearly secondary to a lack of adherence to a previously active therapeutic regimen. In such instances, it is not surprising to detect the amplification of baseline CD8 clones. The superimposed drift in repertoire bias was less expected and could reflect a response to viral variants, or even to pathogens other than HIV. In any case, our data support the view that persistent antigen stimulation is required for the maintenance of T-cell responses, 10,32 a different response being generated upon viral relapse after an extended period of treatment.
In summary, the removal of HIV antigens is associated with a progressive decline in baseline CD8 T-cell expansion. The latter clones and novel CD8 amplifications are detected on HIV reactivation. Taken together, the high prevalence of thymic tissue in adults with HIV-1, 33 the observed transient renewal of thymopoiesis in infected thymic implants during HAART, 34 the slow peripheral increase in CD4 and CD8 cell counts under treatment, 15, 35 and the progressive repertoire reorganization we describe during treatment and after relapse show that restoration of the immune system is possible in chronically infected patients, if HIV replication is kept under control. Our results also indicate that the antigenic pressure responsible for repertoire skewing is lifted long before HIV can actually be eradicated from the body. [36] [37] [38] If HIV-specific cellular surveillance has been significantly alleviated in successfully treated patients, specific boosting of the cellular response may be needed, in association with antiviral therapy, to promote the eradication of residual disease and to reduce the risks for viral relapse on drug removal. Indeed, it was recently suggested that strong virusspecific immune responses could be associated with the rare patient in whom HIV replication remains contained after the discontinuation of HAART. 39 It was also proposed that a broad T-cell response would be more efficient at containing HIV spread than a response focused on few HIV epitopes. 40 We, therefore, suggest that in future studies, Immunoscope analysis should be coupled to functional tests to further characterize the amplitude and the qualitative nature of the T-cell responses elicited by immunization.
